CIRCULAR TEMPLATES AND METHODS 
CROSS-REFERENCE TO RELATED APPLICATIONS 

Priority is claimed to and this application is a continuation-in-part of U.S. provisional 
application Serial No. 60/080,198, filed on March 31, 1998. 

The present invention is directed to circular templates and methods. More 
particularly, the present application is directed to the design, synthesis, and methodology of 
template-directed chemical ligations and oligomerizations of DNA or RNA oligonucleotides 
and mononucleotides. Further, the present invention is directed to the use of circularized 
DNA or RNA as circular templates for directing the assembly of reaction substrates. Still 
further, the present invention is directed to the efficient ligation of short DNA 
oligonucleotides on circularized DNA templates. 

Yet further, the present invention is directed to a method of producing 
therapeutically active oligonucleotides using small circularized templates. Also, the present 
invention is directed to an anti-gene method using natural and/or non-natural 
oligonucleotides for sequence specific binding to double helical DNA using natural and/or 
non-natural oligonucleotides synthesized in a single chemical step accomplished under 
aqueous conditions using small circularized DNA as a template. 
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Moreover, the present invention is directed to chemical ligation and/or 
oligomerization of DNA on circular DNA templates. Further, the present invention is 
directed to chemical ligation and/or oligomerization of deoxyoligonucleotides and/or 
mononucleotides using a circular DNA template as a thermodynamically stable substrate- 
template complex. 

Still further, the present invention is directed to non-enzymatic, template-directed 
ligation which is particularly advantageous for constructing non-natural, modified 
oligonucleotides. Further, the present invention is directed to the production of short ODNs 
with DNA templates. Yet further, the present invention is directed to circular templates 
and methods adapted from linear template directed reactions but modified by circularizing 
the template such that the template will display recognition elements on opposing sides of 
the circular template for complexation with the substrates undergoing reaction. 
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We report the use of small circular DNA as a triplex- 
directing template for the highly efficient chemical 
ligation of oligodeoxyribonucleotides (ODNs) using 
cyanogen bromide (BrCN). These investigations 
compared the use of a linear homopyrimidine DNA 
template (17mer) and a circular pyrimidine-rich DNA 
template (44mer) for directing the chemical ligation of 
two homopurine ODNs (6mer + 11mer). The effects of 
substrate/template ratio, buffer, salt, ionic strength, pH 
and temperature have been examined in the BrCN 
activated ligation reactions. The optimal yield of 51% 
for ligation on the linear template was at pH 6.0, 200 mM 
MgCI 2 , 4°C. In contrast, near quantitative ligation on 
the circular template occurred at higher pH, higher 
temperature, and showed less dependence on Mg 2+ 
concentration (97% yield, pH 7.5, 200 mM MgCI 2 , 25 °C). 
The relative observed rate of the ligation reaction was 
a minimum of 35 times faster on the circular DNA 
template relative to the linear template at pH 7.5, 200 mM 
MgCI 2) 4°C. These investigations reveal that chemical 
ligation of short ODNs on circularized DNA templates 
through triplex formation is a highly efficient process 
over a broad range of conditions. 

INTRODUCTION 

The shift in emphasis of genome research from mapping to 
sequencing and functional analysis ( 1 ) is placing a high priority 
on the development of tools for functional genomic studies and 
impending applications (2). Natural and modified oligodeoxy- 
ribonucleotides (ODNs) have long functioned in such roles. They 
are used as research tools for molecular biology (3), as 
recognition elements in disease diagnostics (4,5), and are of 
intense interest as genetic regulators and therapeutic agents (6-9). 
These expanding applications of ODNs have led us uTexpIore the 
development of a template-directed approach for the synthesis of 
ODNs. We report on the use of circular DNA as a template for 
efficiently directing the ligation of ODNs. 

The ability to non-enzymatically direct phosphodiester bond 
formation of two ODNs in aqueous solution through the action of 
a phosphate activating reagent and a nucleic acid template was 
first realized in 1966 (10). Numerous oligonucleotide ligation 
reactions in duplex- (11-13) and triplex- (14-17) directed 
systems have been reported since that time. Ligation strategies are 
advantageous for constructing circular (18-22) and modified 
oligonucleotides (23-34). Chemically activated template-directed 



ligation reactions have also gained interest for their potential role 
in prebiotic DNA and RNA synthesis (35-38). The higher fidelity 
of template-directed ligation of short oligonucleotides offers a viable 
alternative to template-directed mononucleotide oligomerization 
(39,40). The promising results seen in template-directed ligation 
reactions in terms of yield and reaction rates (41) has yet to be 
extended into oligomerization reactions. The obvious challenge 
for template-directed oligomerizauons is to improve the substrate- 
template association while still allowing product turnover. While 
we are developing approaches to accomplish both of these 
objectives, this initial report focuses on a modified DNA template 
to improve substrate-template association. 

An approach was sought for improving substrate binding to a 
DNA template by maximizing aromatic stacking and hydrogen 
bonding interactions. A pyrimidine-rich DNA template that binds 
to reacting substrates through both Watson-Crick and Hoogsteen 
hydrogen bonding would result in a triplex structure with the 
reacting homopurine substrates bound as the central strand of the 
triplex (Fig. 1, top). Further improvement in binding and 
sequence specificity for purine-rich single-strand DNA has been 
demonstrated by circularizing the pyrimidine-rich strands of the 
triplex (42). We report the use of a pyrimidine-rich circular DNA 
template for directing the chemical ligation of homopurine ODNs 
(Fig. 1, bottom). The circular DNA template has proved far 
superior to a single-strand DNA template for directing the 
chemical activated ligation of two ODNs. 

MATERIALS AND METHODS 

General experimental 

Phosphoramidites including 5-methylcytosine, solid supports 
and chemicals for DNA synthesis were obtained from Cruachem. 
Inc. or Peninsula Laboratories. All enzymes were purchased from 
Boehringer Mannheim, New England Biolabs or Gibco BRL 
Products. The radiolabeled 5'-[y- 3 -P]ATP (>6000 Ci/mmol) was 
obtained from Amersham. All other chemicals were of analytical 
or HPLC grade. Standard molecular biology techniques were used, 
if not mentioned otherwise (43). Analytical and preparative HPLC 
was performed with a Shimadzu LC-600 liquid chromatograph with 
SPD-6A UV using Varian 150 x 4.6 mm. 5 (im, C 1 8, 90 A column 
[acetonitrile-0. 1 M triethyl ammonium acetate (TEAA) buffer 
(pH 7.0) as gradient]. Sep-Pak™ was purchased from Waters. UV 
measurements were run with a Hitachi U-2000 spectrophotometer. 
Melting studies were carried out in teflon 1 cm path length quartz 
cells under nitrogen atmosphere on a Jasco-710 spectropolarimeter 
equipped with PTC-343 temperature control. Scintillation counting 
was done on a Wallac 1410 Liquid Scintillation Counter. Gel 





Figure 1. Top: triplex resulting from homopurine ligation fragments bound to 
pyrimidine bases of the circular DNA template (R represents backbone of 
ligating fragments). Note the use of 5-methylcytidine on the Hoogsteen side of 
the circular template. Bottom: ribbon graphic of a ligation reaction of two 
ODNs directed by a circular DNA template. 



images were scanned using AGFA-ARCUS II scanner at high 
resolution, low contrast and imported using Adobe Photoshop 4.0 
software. Quantitative analyses of gel images were done with IP 
Lab Gel using scanned images. 

Oligonucleotide synthesis 

Oligodeoxyribonucleotides were synthesized on an Applied 
Biosystems 392 synthesizer using P-cyanoethyl phosphoramidite 
chemistry (44). Phosphorylation at the 3'-end of the pre-circle 
oligomer was carried out using modified solid support purchased 
from Peninsula Laboratories. Cleavage of the solid supports 
along with the base protecting groups and the phosphate 
protecting groups were achieved using concentrated ammonium 
hydroxide. Oligomers were purified by electrophoresis on 20% 
polyacrylamide gels with 8 M urea and Tris-borate-EDTA (TBE) 
buffer. The oligonucleotides were isolated from the gels by 
excision and elution with Tris-EDTA-NaCl (TEN) buffer. The 
resulting solution was desalted (using Sep-Pak™) and quantified 
by absorbance at 260 nm using extinction coefficients that were 
calculated by the nearest neighbor method (45). 

Circularization procedure 

Linear 3'-phosphorylated oligonucleotide and the complementary 
homopurine template were combined in a 1 : 1 ratio (50 mM) with 
MgCl2 (20 mM) in morpholinoethanesulfonic acid-Et3N buffer 
(MES) (250 mM, pH 7.5). After heating to 95 °C, the solution was 
cooled to 4°C (19). The reaction was initiated by adding BrCN 
(500 mM) and allowed to proceed for 24 h at 4°C. The reaction 
mixture was quenched with EDTA, lyophilized and redissolved 
in the loading buffer, and purified by 20% denaturing PAGE. The 
circular products migrated at 72% the rate of the linear precursor. 
Circular oligonucleotide 1 was isolated in 60% yield. To verify the 
product, melting studies were performed on circular oligonucleotide 




1 with the complementary single-strand oligonucleotide and 
compared with the corresponding precircularized. linear oligo- 
nucleotide and the complementary single-strand oligonucleotide 
under identical conditions (see supplementary material). Oligo- 
nucleotides were diluted to 3 uM each with 100 mM NaCL 10 mM 
MgCh in 10 mM MES-EtsN (pH 7.5). Solutions were heated to 
90° C and allowed to cool slowly to room temperature prior to the 
melting experiments. Absorbance (260 nM) was monitored while 
temperature was raised at a rate of 0.5 3 C/min. In all cases the 
complexes displayed sharp, two-state transitions. Melting 
temperatures (7 m ) were taken to be the temperature of half- 
dissociation and were obtained from a plot of temperature versus 
absorbance at 260 nM. Precision in T m values were estimated 
from variations of a minimum of two repeated experiments was 
±0.5 °C. An increase of 11 °C in 7 m was obtained from the closure 
of the linear to the circular oligonucleotide 1. Further verification 
that 1 was circularized was realized by showing the complete 
resistance of 1 to cleavage by exonucleases. 

Radiolabeling 

The gel purified oligomer B (10 pmol. without 5 '-phosphate) was 
dissolved in 10.4 |il of sterilized double deionized water. To this 
was added 2 ml of lOx kinase buffer, 6 ul of [y- 3 -P] ATP (60 uCi), 
and 2 \i\ of T4 polynucleotide kinase (10 000 U/ml) for a total 
volume of 21.4 Following incubation at 37°C for 3 h. the 
reaction mixture was heated at 70 °C for 10 min and the 
radiolabeled oligomer purified by chromatography. 

Ligation reactions 

A 1:1 mixture of radiolabeled oligomer B (1 pmol) and ligating 
fragment A (1 pmol) along with template 1 or 2 (2.0 equivalents) 
was dissolved in 10 u;l ofMES-Et 3 N buffer (500 mM) and 4 ul 
of the appropriate concentration of MgCh ( 1 .0. 0. 1 0 or 0.0 1 mM) 
was added. The Eppendorf tube was heated to 95 °C and cooled 
to the reaction temperature. A solution of BrCN (2 ul. 5.0 M in 
CH3CN) was added, vortexed. briefly centrifuged and the reaction 
was allowed to proceed at the desired temperature (4 or 25 "O. 
(20 total volume). The final concentration of the ligation 
reaction components were: buffer (250 mM). MgCb (2. 20 or 
200 mM) and BrCN (500 mM). At precise intervals, an aliquot 
(1 u\l) of the solution was taken and transferred to a tube 
containing 48 |il of water and 2 u.1 of 0.5 M EDTA (pH 7.5). For 
analysis of shorter reaction times (as fast as 1 .0 ± 0.5 s ) during the 
course of the ligation reactions, the entire reaction mixture was 
immediately frozen by submersion of the Eppendorf rube in a 
liquid No bath followed by addition of EDTA (20 mM. 1.0 ml) 
and equilibration to ambient temperature with vonexing. An 
aliquot ( I u\l) of that resulting solution was evaporated to dryness, 
redissolved in the loading buffer, normalized and subjected to 
electrophoresis on polyacryl amide gel (87c, 8 M urea). Auto- 
radiography was used to analyze the reaction progression. 
Product yields were determined from the scanned images of the 
autoradiograms. The yield was calculated from the densitometry 
ratio of ligated product C relative to the total radioactivity per lane. 
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RESULTS AND DISCUSSION 

Our initial studies of template-directed reactions compared the 
single ligation of two homopurine ODNs on pyrimidine-rich 
circular DNA template 1 (Scheme 1) relative to homopyrimidine 



linear template 2 [dfTTCCTCTTTTTTTCTTC)] (43,44). Template 
2 was designed for duplex-directed ligation reactions through 
Watson-Crick hydrogen bonding alone. Circular template 1 was 
designed with partial incorporation of 5-methylcytidine in order 
to improve selectivity for the Hoogsteen hydrogen bonding to one 
side of the circular template (Fig. 1 , top) (46-49). Template 1 was 
synthesized in 60% yield by slight modification of an existing 
procedure (19). 

3* 5* 
.C-C-T— T-C-T— T-T-T— T-T— T-C-T-C-C-T— T— C^. 
A g, 3. \ 

C HO^G-A-A-G-A-A A-A-A-A-A-G-A-G-G-A-A-OH C 
\ A / \ B A ' 

-C-C-T— T-C-T/-T-T-VT-T-T— T-C-T-C-C-T—T— C' 

5* 3. HO 3 1 3' 

Na^PO t c = 5-methylcytosine ) 

• BrCN (50 mM) 

• MES-Et 3 N (250 mM) 
•pH 6.0 or 7.5 

• MgCl 2 (2, 20 or 200 mM) 

• 4 °C or 25 °C 

HO G-A-A-G-A-A-A-A-A-A-A-G-A-G-G-A-A-OH 
C 

Scheme 1. 

The single ligation reaction was optimized on both circular 
template 1 and linear template 2 using ligatins ODNs A (a 6mer) 
and B (an 1 lmer) (Scheme 1). ODN B was 5'-^ 2 P-labeled (43) for 
analysis and quantification of the ligation reactions by autoradio- 
gram densitometry. These investigations focused on the effects of 
substrate/template ratio, buffer, salt, ionic strength, pH and 
temperature in the BrCN activated ligation reaction to produce C 
\ Scheme 1 ). Initial ligation experiments of A and B ( 1 : 1 . 0. 1 |iM) 
on template 1 (2.0 equivalents) at 4°C with BrCN (125 mM) in 
imidazole-HCl buffer (200 mM, pH 6.0 or 7.0) in the presence of 
Mg- (20 mM) or Ni :+ (100 mM) afforded ligation product C in 
very poor yield. Greatly improved yields were realized by 
switching to a 4-morpholinoethanesulfonic acid buffer (MES- 
EuN. 250 mM. 6.0 or 7.5) with BrCN (500 mM) in the 
presence of Mg-*. All ligation reactions were run with the 
corresponding control reactions containing A and B with no 
template to assess for off-template reactions, and B with template 
2 to assess for any other template-directed reactions. Varying the 
ratio of ligating fragments A and B relative to template 1 or 2 from 
1:1 to 1:2 (pH 6.0) had negligible effect on the yield of ligation 
product C (see supplementary material). 
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We anticipated that lower pH, lower temperature and higher 
ionic strength would result in optimal substrate/template binding 
(50) to afford the highest yield. This proved true, with linear 
template 2 as demonstrated by Figure 2, graph I. Optimal 
conditions with template 2 afforded 51% yield of the ligated 
product C at pH 6.0, 200 mM MgCh, 4°C (Fig. 2, graph I). At 
higher pH the yield decreased to 27% (pH 7.5, 200 mM MgCl 2 , 
4~C). Lower ionic strength significantly diminished ligation on 
linear template 2 (5% yield, pH 7.5, 20 mM MgCl 2 , 4°C). Higher 
temperature completely eliminated ligation on template 2 
{pH 6.0, 200 mM MgCl 2 , 25 C C) (Fig. 2, graph II). 

In contrast to the ligations on linear template 2, ligation 
reactions directed on circular template 1 exhibited tolerance to an 
extended range of reaction conditions. The yield of ligation 
product C was found to be less affected by change in ionic 
strength on circular template 1 affording 72 and 73% yield at 
20 mM and 200 mM MgCK respectively (pH 7.5, 4 °C) (Fig. 2, 
graph I). Surprisingly, circular template 1 afforded better yields 



at pH 7.5 (73%) than at pH 6.0 (50%) (200 mM MgCl 2 , 4°C) 
(Fig. 2, graph I). Increasing the temperature from 4 to 25 °C at 
pH 6.0 or 7.5 resulted in substantially higher yields on cyclic 
template 1 while eliminating ligation on template 2 (Fig. 2. graphs 
I and II). Optimum conditions with circular template 1 provided 
ligated product C in near quantitative yield (97% pH 7 5 
200 mM MgCl 2 , 25°C) (Fig. 2, graph II). ' 

Attempts were made to assess the difference in the observed rate 
of formation of ligated product C in the BrCN activated reaction on 
circular template 1 compared to linear template 2. Conventional 
autoradiogram densitometric analysis of the amount of lisated 
product C in reaction aliquots from both the single-strand* and 
circular template directed reactions under identical conditions (pH 
7.5, 200 mM MgCl 2 , 4°C) at early time points in the reactions failed 
to afford a satisfactory reproducible linear correlation. While we are 
investigating more precise methods for comparing the observed 
rates of the template directed ligation reactions at early reaction 
times, a qualitative comparison can be made with the data acquired. 
A minimum yield of 3% ligation product C was required for 
accuracy by the densitometric analysis methods used A relative 
comparison between the earliest reproducible data points (minimum 
of two independent experiments within ±1 % yield) can be compared 
between the ligation on circular template 1 and linear template 2. 
Densitometric analysis of the autoradiogram of aliquots taken at 
1.0 ± 0.5 s from the ligation reaction directed by circular template 
1 reveal a 39% yield of radiolabeled ligation product C This 
corresponds to a reaction which is -53% complete (final yield of 
73% C). The earliest data affording sufficient product yield in the 
corresponding linear template 2 directed lisation was obtained at 
30 ± 0.5 s, where a 3% yield of C was observed. This corresponds 
to a reaction which is -11% complete (final yield of 27% C). 
Accounting for experimental error, this results in a minimum 
difference in the observed rate of ligation product C formation of 



35 times faster on circular template 1 relative to linear template 
2. The circular template directed ligation not only afforded 
approximately three times higher product yields relative to the 
single-strand template under these conditions (73 versus 219c. 
respectively, graph I), but also affords ligation product at a 
minimum 35 times faster observed rate. 



Figure 2. 3-D bar graphs showing the yield (%) of ligation product C. Graph 
I shows ligation results at 4°C, pH 7.5 and 6.0 with MgCb concentrations of 
2, 20 and 200 mM. Graph II shows the saine ligation reactions run at 25 C C. Data 
for these graphs was obtained at a reaction time of 3 h. All reactions were 
reproduced at least twice to afford a 9c yield error of ±3. 



A comparative study of the non-enzymatic ligation of two 
homopurine ODNs on a pyrimidine-rich circular DNA template 
and a homopyrimidine single-strand DNA template has been 
accomplished. The optimal conditions for ligation on single-strand 
template 2 afforded 51% yield. In contrast, near quantitative 
ligation (97% yield) on circular template 1 occurred at higher pFL 
higher temperature, and showed less dependence on Mg 2+ 
concentration. The observed rate of the ligation reaction was a 
minimum of 35 times faster on the circular template than the 
single-strand template. These investigations reveal that chemical 
ligation of short ODNs on circularized DNA templates through 
triplex formation is a highly efficient process over a broad range 
of conditions. This confirms the expected advantage of improving 
the substrate binding in template-directed ligation reactions by the 
use of circular DNA templates. The thermodynamic advantage in 
template binding has allowed for ligation under conditions of 
higher pH and higher temperatures where the ligation reaction is 
much more efficient. The possible advantages on the kinetics of 
the ligation reaction will require further investigations. 

The significant yields and reaction rates found in these 
investigations suggest the high potential for use of circular DNA 
templates in development of a chemically activated template- 
directed methodology for the synthesis of homopurine ODNs. 
Multiple ligations, oligomerizations and reactions of non-natural 
nucleic acid derivatives are in progress. Extending this methodology 
beyond purine derivatives for circular template-directed reactions 
and improving product turnover are under development. 

See supplementary material including gel densitometry images 
and 7m me^urements for product characterization below. 



CONCLUSION 
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SUMMARY 



The present invention is directed to a new, cost efficient, "green process" for the 
large scale synthesis of homopurine oligodeoxyribonucleotides (ODNs). The therapeutic and 
diagnostic applications of homopurine ODNs for antisense and antigene approaches makes large 
scale ODN synthesis (gram to kilogram quantities) of primary importance. The method is 
designed to far exceed all present means for synthesizing ODNs in regard to production scale, 
cost, efficiency and environmental impact. The estimated cost of ODN synthesis by the proposed 
methodology is approximately 0.05% the cost using conventional solid support chemistry. 
Conventional ODN synthesis techniques also produce considerable waste and environmentaUy 
harmful byproducts. In contrast, the proposed methodology produces little waste and the 
byproducts are relatively harmless (NaBr, HBr, C0 2 and NH 3 in water). This cost efficient green 
process can be accomplished due to the simplicity of the required starting materials and reagents 
and the aqueous based nature of the reactions. 

The general method targets the use of a DNA template directed reaction to oligomerize 
unprotected mononucleotides with cyanogen bromide (BrCN) and a divalent metal salt (MgCl 2 or 
CaCy in water. The goal of the proposed research is to systematically modify the DNA template 
for optimal efficiency in directing oligomerization to produce sequence defined homopurine 
ODNs. This will be accomplished with circular DNA templates having attached, "capped" 
primers that act to preorganize and cooperatively facilitate oligomerization while preventing 
primer-substrate reaction. This will provide a stable template for extended use. Methods will be • 
developed for large scale ODN synthesis that allow high turnover for multiple cycles of 
oligomerization reactions to be performed on the same template. 

The foundational research established in this invention allow the future extension of 
this methodology to large scale synthesis of modified DNA or RNA oligonucleotides which are 
required forbiodelivery and biostability in diagnostic or therapeutic applications. Development of 
the basic methodology provides for extension to a variety of non-nucleic acid 
oligomerization processes for controlled synthesis of functional oligomers. 
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Introduction _.. 

This proposal outlines the development of a new, cost efficient "ereen Drocess"' f ftr th- 
large scale synthesis of homopurine oligodeoxyribonucleotides ODNO § Th. P rh^ th ! 

designed to far exceed all present means? for synthesizing Sl^Sart to proSoJ 

(ISaBr, HBr, C0 2 and NH 3 m water). This can be accomplished due to me simolicitv of the 
required starting materials and reagents and the aqueous based nature ofrtfe SS Tte 

obgomenzation processes for controlled synthesis of functional oligomers 



Figure 3 




Template 
Association 




Template 
Directed 
^Jligomerization 





+ C0 2 + NH 3 
+ HBr + NaBr 




Figure 1. Magnified view of the purine substrates 
bound via triplex formation to the circular DNA template 
( C = 5-methylcytosine). 



Relative to a single strand template 
directed ligation reaction, triplex directing 
template 1 will greatly improve the association 
of the mononucleotide substrates to the template 
through both Watson-Crick and Hoogsteen 
hydrogen bonding (Fig. 1). The improved 
template association allows for higher reaction 
temperatures which improves the kinetics of the 
ohgomenzation reaction and results in a highly 

compos), HBr. CO, and NHj as ,he o„!y waste byp^^^sts^rSutof' 



tlu ^m^' J" ^ Ms ^ process could be revolutionary as a conlm'ercial method for large 
scale ODN synthesis in terms of cost, 7 efficiency and environmental impact. g 

Background 

i a 1116 an f ki P ated completion of the human genome sequencing project in five years has 
placed an emphasis on methods which will allow functional analysis of tie human genome 6 * and 
prepare the way for diagnostic 3 and therapeutic 4 approaches for disease analysis and trea^Lf 
One of the most direct means to mediate protein production and genetic transformation is through 
antisense and anugene approaches. 10 One of the key limitations which will need to be addressed in 
bringing this technology to diagnostic and therapeutic application is the ability to produce large 
scale (gram to kilogram) quantities of desired natural and non-natural oligonucleotides. To our 
knowledge there have been no "green processes" reported which address this need in a cost 
effective manner. 

The state-of-the-art techniques for oligonucleotide synthesis using well established 
automated, solid-phase chermstry are based on elegant phosphoramidite/ 1 phosphite-triester 12 or 
H-phosphona e approaches.' 3 Recent advances in solid-phase synthesizers allow multi-gram scale 
(up to 5 mmol production of pure ODNs. 3 ' More recently, Ravikumar and coworkers afls* 
Pharmaceuticals reported the use of Pharmacia's OligoProcess synthesizer to produce kilogram 
quantities of pure phosphorothioate ODNs for clinical trials.' 4 While very little detail was Sen in 
tins report, Pharmacia s instruments have made extensive progress in overcoming traditional 
drawbacks of solid support synthesis such as limited reaction rate and yield due to limited 
permeability and stenc hindrance of the heterogeneous reaction mixture. But of far greater concern 
is the high cost and the environmental impact of high volume waste that is generated tylSg sSk 
multistep syn&esis of oligomers by solid support approaches. The use of specially sSsfzed 
? P lu P"* 5 ^ g^P*. specialized activated derivatives and reagents for couplings 
and oxidations, the requirement for anhydrous conditions, repeated capping of unreacted Ss 

dtaZHd fcvS ^ ^ m &high C0St f0r rea S en *« °P erati °'' maintenance^fwS 
£SSS tST^Ef F° n T C ^/^ironmental impact is therefore less attractive than a "green 
process that would aUow the use of cheap starting materials, few reagents, aqueous based 
chemistry, produce httle waste, and allow recycling of unaltered startkg materials 
m .th^r^S matlVe . t0 ^x? su PP ort . chemistry has been the development of solution based 
methods for large scale ODN synthesis under homogeneous conditions. 15 The most attractive 
approaches ^corporate the advantages of solid supports by performing the synthesis on a high 
molecular weight polymer for ease of purification steps through size exclusion methods 16 g 

a\ P y . mCr 15 • ° luble t0 , reaction homogeneity so that reaction efficiency is 

high t and large scak reactions can theoretically be achieved To oW knowledge, the largest scde 
ODN synthesis using this approach has been up to hundreds of milligrams. 1 ^^^ 
reacuons can theoreticaUy be performed by these solution based approaches, tteeSSm?^ 
disadvantages of starting material and reagent costs, complex protSting group reS ts and 
high volume solvent use and waste disposal make these approaches as envkoLemall^d 
economically unattractive as the solid support methods uiuuenuwy ana 

a nn™^c addm °r 31 appr0ach f0r °? N s y nthesis is ^"gh enzymatic oligomerizations 18 This 

2K £ J Vffi*^ "1-^ ,° f aV ° iding ** C0Stl y starti "g waste 
problems, but the potential for large scale ODN synthesis is severely limited by several Stars 
The overexpression of enzymes is a tedious and expensive multistep process which require time 
and comphcated^punfication strategies. If enough enzyme could bep?oduced toSS 

EJXL*? 16 ° DN SyDtheS1S ' ^ expense would ^ P rove t0 ° Prohibitive. E2doo while 
fa ^enzymatic ohgomerizauon reaction itself is efficient, the purification of the desired pSSrtiT 
agam a mulastep, laborious and expensive process. An additional limitation to enzymatic 
approaches is the mabihty to produce modified ODNs. Only naturally occiurmg oK can be 

SfiT d ea ^Tf? y -- ™ C ^ ° f ° DNS f0r ^osti/and m JpS^lhcatioL ^s 
fanSk 8 0 l natUral d envatives in order to afford biodelivery and biostabmtycharacteristicTS 
the ODNs. The economic prohibitions and limitation to natural ODNs by an enzymatic based 
approach make it unattractive for large scale ODN synthesis of biomedichaTuS 

A highly attractive approach to ODN synthesis is through non-enzymatic template directed 
hgations and ohgomenzations. The ability to non^nzymaticaUy direcTKpS 
formauon of two oligonucleotides in aqueous solution'through L action dSS^eSvating 



SfSSlTiw 301(1 te ™^ Was first realized m 1966 " Since ^attime numerous 
ohgonucleoude IigaUon reacUons have been reported in duplex directed systems with single strand 
DNA templates where Watson-Crick hydrogen bonding affords the subso-ate-temZe 

SSSf ° n - T °°K N L i aU ° nS have 3150 56611 rc P° rted » «P>« dieted system?S double 
strand templates, where Hoogsteen hydrogen bonding of homopyrimidine ligation substrates to the 
T^m hom Wrimidine-homopurine Wal^^dupleSSShS^S 6 
tempfcte complex. 21 Non^nzymatic, template directed ligation strategies are particdariy 
advantageous for constructing non-natural, modified oligonucleotide!. 22 This includes the 
synthesis of smaU, circular DNA through the template directed circularization of SS?ODNs 23 

ChemicaUy activated, template directed ligation and oUgomerization reactions have eained 
£c ™ ^ ^ P° tentiaI prebi0tic DNA ^ ™ A synmesis."- 25 - 24 TOsS rfSSSf 
^ SSJSS,? m0 ^ "S"^ P r °^ss in regard to product turnover for a more 
use of the templates However, to our knowledge, application to large scale ODN synthesishas 
not been an addressed objective. While elegant systems have been developed to study template 
directed ohgomenzation the low yield of oUgomerization reactions and re^mem foSvaSd 
nucleotide monomers which suffer from hydrolytic degradation 27 and skte leactSKS ftT 
synthetic utility of existing approaches for large scale ODN synthesis 

of tenSfJ ffc"??^ 00 ° f S -° rt °P Ns with DNA tem P lates °as resulted in numerous reports 
of template directed ligation reactions of short ODNs as a less challenging alternative to temSe 
directed mononuceoude oligomerizations. 2 ' Yields as high as 85% l^iSSSSSffiat 
template directed hgauon reactions, although limited to th! ligation of longeVoDN SSeK 
12-mers to afford a 24-mer, GC content = 50%)}* By comparison, the Sod presented^ Ss 
proposal affords quantitative yields in a 6-mer plus 1 1 -mer ligation GC content 1 29% 

A largely unexploited potential for template directed oligonucleotide synthesis has been in the 

SSSSSS ft" gC SCa i e (gram t0 ^ 0Sram) productian of 0DNs - ™« P0tentia?ha?S got 
untapped due to the poor turnover rate resulting in inefficient template utilisation 30 One Suf 

SKST^*^ P 1 ?^ 35 Ae " r0Uin g Circl6 DNA ^thesis" by Kc^Tand omers 32 There a 
sing e sttand, circular DNA template has been used for the enzymatic synthesis of StenSv S 
smgle strand DNA products composed of multiple copies of the circuld S te iSS^Whfc 
Ais approach has the potential for large scale ODN synthesis, it will be limked by the Sor 
polymerases and restriction enzymes and the limitation to natural ODN synthesis 
tn » nuTf pr °P° s ? deta 4 s an approach for improving the thermodynamics of substrate bindine 
nvS^ te ^ Ia ?J7 m ™ ing ""^ stackin g A hydrogen bonding mteSonf A 
fSS e ' nch DNA template which binds to reacting purine substrates th?oughboth Watson- 
i k fr I Hoogsteen hydrogen bonding results in a triplex structure with the if acting hoSurine 
substrates bound as the central strand of the triplex (Fig 1) Further imnmvem^HnWnSTf 

ES? t StrandS ° fthe ln i to - Additional components will be introduced to faff 
enhance substrate association and regiocontrol in template binding. Regiocontro? wffl beenhanced 

(secuonl B.3). Cytidme protonation is required for Hoogsteen binding in the OGC triolet " 
These C-denvatives [i.e., 5-methylcytidine ( M 'Q 3S or pseudoisocytidine (ffiuadrtS 
derivatives ]wiU control which side of the circular DNA template will bind inAe HoSrsteen 

Se^ bwering the A K) or hSga>S; 

proionatea C-denyauve £Q] (Fig. 1). The incorporation of primers (1, Figure 3 ) at each end 
of the circular template will "preorganize" the template for substrate binding tihWh triolex 

S6Ct l?S LD2 1?- P ese primers wm ^ ^giocontrol by2bSg wlSch side of 
the temp ate wiU bind m the Hoogsteen mode. This is anticipated to be propagated thWah 
cooperative stacking and steric factors which will favor homSgene ty t SSc^SLt of 

Sn S r ?fv 0 :,^ P ^ rganiZed tem P late - Covalent attachmenuf meJ "priSS to toSl will 
Srf ^ffi 5SW«»» template for optimal substrate bmd^Son ' S3? The 
primers will be 'capped" m order to prevent their covalent incorporation hfoi^m£L* 

Ph^^ 0 ^ 6 ^ 1 ^ (SeCti0n LD3 )- ^ «P«*. combuWwS to SSSsSSSv to 
2S5^?. d reaC " 0n editions (PrelirninaryResults and section LA Twul aUoTrSSe 
£ ? 2 P^opment of high turnover reaction methods (£SlcS A-B) 
will allow the catalytic use of this template for large scale production of homopurine ODNs 




c,,hctr n ,I^ I S N ^ Uv f e^mistry for hgation and oligomerization of the template bound 

JX? n ^ t 66 " P, r ° Ven ^ 1 uantitativ e Ration yield of a short hexad^xCbo- 
^ Sni ; IAC 2, Wlth r^f (Pp 1 ^^ Results). The reaction is fast (nearly complete in 
SS™ n ™ te "PfP^.unte aqueous conditions from cheap, conrnierdaUy avSe 
starting monomers which are stable and require no protecting groups for the ohgomerSn and/or 
ligation process The approximate 1,850-fold savings over tSnSsoaaSSSSS^^^ 

synthesis of diagnostic and therapeutic homopurine ohgonucleotides once these initial 
investigations document the potential of this methodology. 

Preliminary Results 

, investigations have attempted to assess the potential for the use of circular DNA 

SS2 ft T.T^f^ ^ me synthesis of sho * oligodeoxyribonucleotidesToDNV) 
?wE? ***** 316 unprecedented in the field in terms of yield and reaction conditions 
Quantitative yields have been realized in ligation reactions with very short ODNsttSJSS £ 
mers) on the circular DNA templates at 25 °C, pH 7.5. 

h.mni.J!!f J? 81 i n ? Sti ? ti S ns f0C L Used 011 determining the effectiveness of circular DNA as a 
template to direct phosphodiester bond formation between two ODNs (/.*., hgationV " TW 
studies compared the use of circular DNA template 3 to single strand DNA template^ wWch 
directs hgation through Watson-Crick hydrogen bonding to Tligating oEnucSs 5 3 6 
Scheme 2). LigaUon directed by the circular DNA template £s amW$StobeSre efficient 

SSm JS :r P ? Ve f t F B £ a ex ^ ted though both Watson-Crick and JfcSSwT^ 

hydrogen bonding to the hgatmg fragments. The effects of various parameters waSSS in the 
cyanogen bromide (BrCN) activated ligation reaction including meLbstrate/temokteratio taff£ 

afforded 51% yield of ligated product 7 (pH 6.0, 200 mM MgCl, 4 °C) 39 In confab 
quantitative ligation on the circular template occurred at highe? pg, higher temrSS 
showed less dependence on Mg 2 " 1 " concentration £97% yield, pH VTSo dKS ^5 °n 
The relate rate of the hgation reaction was found to be approxEnately 23to &5K » L Q " 
circular DNA template relative to the linear template (pH 7 5 200 inM MsCL 1 °C t? J? 
Efff 7«W that chemical hgation of Short oSns o S3 SnA temphtes 

S2fi£ pIeX f0imat10 ? efficient P rocess over a broad rangeof eSndfi? The 

quantitative nonenzymatic hgation of two short ODNs (6-mer + 1 1-meF) is unroccS JanH 
represents the tremendous potential for this method. ' UDprecedented md 

Scheme 

3' 5 . 
G-A-A-G-A-A A-A-A-A-A-O-A-G-G-A-A 3 ' 




9 G-A-A-G-A-A A-A-A-A-A-G-A-G-Q-A-A 3 ' C 
5 ' NajOsPO 3 \_3J 



HO S 



2 = 5-methylcytosine 



• BrCN (50 mM) 

• MES-Et 3 N (250 mM) 

5 . G-A— A— G-A— A— A— A-A-A-A— G-A-G-G-A— A 



J 



• pH 6.0 or 7.5 

•MgCI 2 (2.20or200mM) 

• 4 °C or 25 °C 

3' 



template). The T analysis of the circular template with the two ligatine subsfraVe A fl nH a 
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cuoular template and the sujftrand template show melting above 25 °C (circular template- 
substrate complex: T = 58 »C; single strand template-substrate complex: T = 3 8 °Q However 

^Vn™^* ^ lig f ti0n product at 25 ° C At 4 ° C > b °* ^plates sLld have me 
substrate ODNs bound, yet the circular template still reveals superior templating properties Ed 

Sno,nTn a * • SU, , gle ^ template ' or P 6 ' 1 ^ ^ conformational positSg of lie 
reachng ends on the circular template. The CD analysis of 5 and 6 with no template 5md6wSh 
single strand template 4, and 5 and 6 with circular template 3 are being analvled to determke me 
nSl5 ebC1 ? 35 3 ° f confo ™ational preorganization with the tw^mpIaSs^Ss wiU 

provide information regarding the overall structural rigidity between the two template-subsume 
complexes. Lastly, DSC experiments are being planned in order to parse outXeSS 

SSf5.SK* t0 ? 6 tem P late - s . ubstrate bindin g complexes with the t£Sj8E fa^d 4 
These studies wiU be conducted in con unction with Professor Wes Stites (University of ArkSal^ 
whose expertise is in the area of analyzing protein dynamics with DSC. mforSdn fromS? } 

n^r entS t 1S T C \ ? *f t0 ^ exdtin g details "8^8 ^nce in sXSe 
preorgaiuzation for ligation on the two templates. 

i P NA u tem P late stability analysis is in progress (section LA). Initial experiments have 
TM^X^"*™ H ^ ^ysis of D 2 0 solutions of the din?cSes^CpC and 
TpT) with BrCN at various concentrations. To date, these experiments have revealed no change to 
tt^e duiucleoades which represent the key DNA components of the circular DNTtemplate o£ 
nucleotide components have yet to be assessed; however, the non-substrate bin^^ooped 
region of the circular template will be replaced by non-nucleic acid compon^ts in fiittS 
experiments ^(section I.D.4). As future template designs evolve, necessTSoTexSments 
will assess the stability of the various components using this >H NMR aSys^DroSS Lt 
descnbed below (section LA). Should any reaction be detected inTngS St ^ 
optimal BrCN concentrations for miiiimization of side reactions will he d^pminpH t! i, j , • 
reversibility of any modifications to the tem^latf^ 

P ^^^SS^rf 0 ^ 1 ° r WOrku P P ro ^ sses wm te derivedXm Smdie^ 
? studies of ligation reactions revealed a dependence of the ligation efficiency on 
die particular divalent metal used in the reaction. A more thorough analyst of ^e effS v^L 

magnesium (MgO,) appear far superior in promotihg the ligation reaction thananj Tomer divaknt 
metal examined [including BaCl 2 , MnCl 2 , NiCl 2 , CoCl 2 , CuCl 2 , ZnCL, and] fflfflfffSO > ) 1 
The effectiveness of the metal appears pH dependent and somewhat temperature^ derindent 2 
Completion of the study of divalent metals is underway with an exainSSSIcKSSSrf the 

SupS^on < SSs£SSSXS^ Ieading t0 optimized conditions for extension to 

The use of a carbwiiimide (EDCI) as the activating reagent for ligation has also hem 
dfrSl ? ^ ^ *A yiddS m a PP r ™ely equivalent cidSS^^SSiate 
directed reactions, although the reactions are significantly slower. These destinations S 
Slf reStm f ^nation regarding template-substrate «socSSSiT?SSSrfE 
SSST" 0 ! CO ™ft d nature ? f EDCI reactions versus the kinetic controUed BrCN 
reactions Analysis of these reactions is still in progress and will be reported W 1 

.A 1 ? 011 ^ mulUple hgations have not been investigated yet, the conditions used in the initial 

^^Ti^^Sf- H CirCUlar DNA template have ^ a PP Ued to^^totoi^SS 
Scheme 3) These conditions are completely unoptimized and therefore will IflSvS^X^ 

ta2 'IS™ 1 flC16n ? y - Rouble ligation of5-mer 8 + 6-mer 10 + 6-me7 9 
length 17-mer ohgonucleotide 7 m 24% yield (Scheme 3). Again, the nonenzymaS hgationof 



Scheme 3. 

3' 





3' 



I. Multiple Ligations/Oligomerizations 

A . Circular DNA Template Fidelity. The stability of the circular DNA 
template is presenUy -under examination to certify its fidelity under the BrCN actiS Ueation 
TJS'nZ* ? ^f^* ^P^riments of the template nndeotidecaS^S^v 

f hS,^,^ % Us) 0n g° in 8- * ^ optirnizationTSon y 

conditions wOl be derived from these studies. Other experiments mclude submitSie " P "labeled 
circular template3 bound to triplex forming oligonucleotide (TFO) 7 to sucSve^f nunute 
rounds of the BrCN activated ligation conditio^ reported (see PrelinXa^ Result) Sots of 
each successive round are being examined by PAGEautoAdiography. Any ^eStion of 2s 
template will be quantified by densitometry analysis of the resulting automdioS No 
degradation of the template has been detected to date. Completion of Ssmd^iU aUow 
complete documentation of the fidelity of the presently used circular template These hitial 

JESSE 0 " w h *F m I t0 ^ Ve !° P ^ility testing procedures which Se appKo fach new 
modified template mtroduced m the course of these studies ippuea 10 eacn new 

Should any significant degradation of the template occur that is not overcome through 
optimized reaction conditions, modification of the template will also t£ exaS I A ESSU, 
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hgating fragments relative to template. Along with these, four additional prinWSS wUl be 
examined: (1 the effect ofiomc strength and divalent metal, (2) the effect ofS^phSphate vs 3' 
phosphate in Ae hgaung fragments, (3) the effect of base content of the ligating frSen* and \(4) 
the effect of the length of the ligating fragments. "*S"ienis, ana (4) 

1. Ionic Strength and bivalent Metals. Initial results from single 
ligation reacuons revealed that ionic strengths of 20-200 mM MgCl 2 were optimal. F^eTsSes 
have shown Ca(N0 3 2 to be equally as effective as MgCl 2 in the single ligation reactions t£ 
factors will r* examined ui the double ligation reaction. PreliminarJ results reveaTmS's M NaCl 
has minimal benefits on the double ligation reaction. 

. y 2 ;. £.'-* >hos P hate v «- 3'-Phosphate. Some reports reveal a 
difference in ligation efficiencv based on whether the phosphate is on the 5'^nd or the 3'-end of 
the hgating oligonucleotides.^ One might expect a less steric approach of the 5'-OH on a?- 
phosphate. Prelrnimary data from our laboratory suggests that tittle difference exists in single 
ligation reactions with the phosphate at either the 3'- or the 5'-end of short ODNs This wUlbe 
examined I in the context of the double ligation reaction as well. The required 5 Wsphate is 
obtoined through enzymatic phosphorylation or chemical techniques. 4T The 3'-phosphate is 
obtained by using commerciaUy avaUable modified solid support linkers for automated 
phosphoranudite ohgonucleotide synthesis to afford the 3'-phosphate by established protocol 46 

of DNA duolexe^ 47 Th7r^ ^f?'* t ■ , * * **** a ^ 00 content leases the T 

„rr*lt- P f * rr 7116 00 £°" tent m ta P lexe s can also alter the T at the appropriate pH (where 
pronation of the Hoogsteen C is required). Examination of a double kgation taween mVee 

JSZIZf a ^ "S"?. ° Ug0 fragment wU1 te hexaguanine 11 (Scheme 4) 
compared to the same double hgation with central hexaadertine 10 (Scheme 3). This required the 
synthesis of templates ; 3 and 1 12, which has already been completed. This ww allow aXS 
companson between A and Gin ligation efficiencies. <urecl 
Scheme 4. 

9 Va-a-g-a G-G-G-G-G^G G-A-G-G-A-A 3 " \ . °A 

A ^„ 8 m OH \ 11 9 J \ I 

^tliY^ C ~ M ~^r ^c-^S-^c^E-c-e-o-c-c-^o-cH--^ 

t a T J?. C+GC . triplet requires the Hoogsteen C to be protonated for two hydrogen bonds to he 
formed. This requirement establishes a handle for differentiating the two-Tides of toe ciS* DnI 
template The use of modified C derivatives on the Hoogsteen side oftoe cSr tempkte Sr? 
either enhance their potential for protonation [as with 5-memylcytidine ( W can KSS^bv 

Sn^wTSSi "h ^'^fl^y PT nated " C derivatives [is S ps uS 
cytidine C C) ]. Enforcing which side of the template will act as the Hoogsteen strand in the 
taplex complex by using modified C derivatives will allow regioselectivefonu-ol ^vs 5' 

T^S^^^!^ t0 ^ tem P late - ™« wm pyrophosphate fonnation 

S H^ct 35565 ^ b K cora P arin g te ^tes composed of all C (12) to aU derivatives 
S^LvSr ^ ° f hexa ^e 11 binding site of the circular template (Scheme 4) 
JSL fr t i > pro , 0nated t0 a ^ &™ the corresponding unmodified C 35 

Other "C template derivatives will be prepared * and studied as experiment Kte These two 
templates will be compared to the hexaadenine binding template toE ESLSl, 
for double ligation -dccjdllta. will be developed fo n^^XSSS^T^ 

fragments are' ex^S b^& F tne& 

SeTrS^^^ 

S^exaS^ 

wm iirst be examined. (2) If needed, a polyethyleneglycol (PEG) derivative may prove beneficial 
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for this solution-phase approach. It is 
anticipated that the solution phase dialysis 
approach will be amenable to scale-up and 
allow the puri-fication advantages of 
extractive washes. 

1. Dialysis Approach. 
The molecular weight (MW) of the smallest 
circular DNA template presently under 
study is approximately 18,000. This will 
be the lowest MW template used as all 
further template modifications will 
extensively increase the template size. The 
heptadecadeoxjoibonucleotide product of 
ligation from this template has an approxi- 



Scheme 5. 

r 3 * 5' 
a' C—T — T— C— ^f^-Y— Y — Y — Y — Y— Y— G-T- O-C-T T-^> 

<< \ 

A ? _ m mmo r 

y 3(Y,X = T) 12(Y.i=C) 13(Y = C,X = C) 3' 



Pfimera substrate primgrh 

5 - , (R = A/G) , 

G-A-A-G-A ; R-R-R— fl-R— R : G-A- G-G-A-A 



G-A-A-G-A -R j R -R -fl-R j R-G-A- G-G-A-A 
G-A-A-G-A -fl-fl | R-flj R— R-G-A— G-G-A-A 
G-A— A- G-A— R-R -R j R j R-R— G-A- G-G-A-A 

mate MW of 7,000. this MW difference is sufficient to allow separation with a 8,000 or 12,000 



molecular weight cut off (MWCO) dialysis membrane. Advances in dialysis technology wiU aUow 
foe use of a microdiaJysis system with dialysis snap-capped microtubes to avoid sample loss 
through the tedious filling, tying and clamping of conventional dialysis tubing. Systems can be 
equipped for multiple samp e capacity with oscillating and heating capabilities for efficient cyclical 
use. This will allow development of a protocol for multiple cycles of template directed ODN 
synthesis in a reaction vessel to which capped dialysis reservoirs containing the circular template 
ft ™ C substrates for template directed reactions can be added to the reaction vessel 

equilibrated for template association, and the reaction initiated with addition of the activating ' 
reagent. After completion of the reaction the products can be separated through a simple 
denaturation and washing sequence. One cycle of oligonucleotide synthesis will consist of 
IS?^- ^"^rvoir confining the circular DNA template into a buffered reaction 
mixture containing the substrate to be ligated (or oligomerization monomers as the studies 
advance) akrag with MgCl 2 Template-substrate equilibrium will be established followed by 
addition of BrCN to initiate ligation. After ligation «30 sec), the solution will be heated (for 
A^T^f- ' dramed "5 Washed (repeated nece ssary). This cycle can be rapidly 
S£S « a™ rea ^y automated) to produce the required amount of product. This approach will be 
discussed m more detail below (section H) FF uc 

2 . PEG-modified Circular Template. Should the dialvsis aDDroach 
require an increased molecular weight difference between the template and the OD&S for 
efficient separation, the circular template can be modified through a PEG attachment* 9 The 
biodegradable ; properties of this modification maintain the "green" aspects of this project 50 
Solution based synthesis of oligonucleotides by either the phosphotriester method or the ' 
phosphoramidite method has been optimized by using a soluble PEG support. PEG-modified 
oligonucleotides are well documented, making this modification quite routine moamea 

Synthesis of the PEG-modified circular DNA template could conceivably be accomplished 
tiu-ough linear solution phase synthesis of a branched ohgonucleotide on a PEGsup^ fXwed 
DnK^^" 1 ' 11 ^ 011 - H°^. difficully in purification of the PEG-mSified Sar 
DNA product might make this approach less feasible. Postsynthetic modification of a circulaT 
5££ f m $ W f f PE? a non-nucleotide branch point in the tempkte will 

allow higher product punty This can be accomplished by the foUowmfapproach (Scheme 6) 
SSZ^^TT^ Pi os P hora ^dite chemistry with the inclusion Vanon-lcleotio? 3 ' 
SSSESlESf mg A a T ^-P™ tected amino group for functionalization will allow the 
S?m S reqU ^? P^^^anzed template * Standard DMT-ON deprotection and cleavage 

l^.S^W^^^/ Uri ^ ^ Con ™ tional RP-HPLC. removal of thfoMT 
rSh^T^r^' . * ^° rd pure ^o-Protected, functionalized linear template 14 
tdPFC XJSS^ ^ cir ? ularization b y -""tad means 2 " followed by arninodeprotection 
and PEG attachment through amidation with 15 will afford PEG-modified circular template 16 
(Scheme 6). Any undenvatized circular template can be removed through Sys£ P 

i- i ■ ^ ,^ ,p . Ll 8 atl «ns. Conditions derived from the previous double titrations are 
applied to tuple Rations of trimers. quadruple ligations of doners, and l&X ^ oLoSerStionT 
of monomers on circular DNA templates 3, 12 and 13 (Scheme 7). Optimization^ ifefp^X 
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Q-A-A-Q-A 
G-A— A— G-A 



ligation^ 
2 



G-A— G— G-A— A 
G-A-G-G-A-A 3 
G— A— G-G-A— A 4 

G-A— G-G-A— A oligomerization 



focus on the pre-equilibriurn protocol, 
ionic strength, variation of substrate 
concentration, and the following 
modifications (section LB). 

1. Larger Circular 
DNA Templates. The length of the 
primer is expected to have an effect on 
the efficiency of these ligation reactions. 
The investigation of longer primers will 
require larger circular templates. Larger 
circular templates can be synthesized 
using the double ligation method on a 
triplex template as described by Kool 

and coworkers (Scheme 8).™ This will . 

allow the synthesis and purification of shorter ODNs which can be combined to form larger and 
more complex template systems which will be described. g 
Air~«j£ m alternative to Kool's method, we will explore the potential of a quadruple ligation 
^f ted %5^JST? ,,e m P lex r tem P late for the synthesis of thelarger circular DNA template 17 
(Scheme 9) ab The advantage of this quadruple ligation approach foFcircularizatiorJu^ 
flexibility it wdl allow for the synthesis of a variety of circdar DNA tenriaE^SS,. 
sequences ,n the substrate binding regions of the template while maintaimng 
Tba ; approach will greatly enhance the efficiency of later studies for optimizing theus ofdrlular 
DNA templates for oligonucleotide synthesis. circular 

For the purpose of template design in this triplex 
directed quadruple ligation to form circular DNA we 
have collaborated with Prof. Mark Arnold', a 
mathematician at the University of Arkansas, to develop 
a computer program which allows the rapid assessment 
of various sequences." The purpose of this program is 
to optimize the sequence of the primer and substrate 
binding regions of the circular template so that 
undesired hybridizations are irdrumized. This has been 
used to design circular template 17 (Scheme 9), which 
will be synthesized through a triplex directed quadruple 
ligation reaction from the four oligonucleotides (18-21) 
on homopurine triplex template 22. Regioselective 

alignment of 18-21 on template 22 will be achieved by 

i^f?™ 10 *^ Alternatively "twill be 

ZSSST* i^^^y Protonated" C derivative. The eoaMnali^^^^Sr 
SSESSf 01, m %^™ nt / or 3 '-° H "> 5'-phosphate adjunction for hgaSo^uf S 
the thermodynamic favorabdity for contiguous stacking when the four ohgonudeotide^e ' 



Scheme 




A —A — T-A^A - Gr-G-A-A - G-A— A— (j 



5 ' Na,0,PO ^ QH 




| BrCN, pH 7.0, 23 °C 



^ T^-A— T— T- G- G-+-T- O-T^-T-O-GT 



Scheme 9. 

3* HO, 
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9P0 3 Nag 



5 * 18 N^OaPO < 
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C 
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BrCN,pH7.5,4«C Na2 ° 3P ° \>H " 3 ' 



19 



^-C-G-O-T-C 



homogeneous in^ to 5' djectional alignment on triplex template 22 should favor desired 17 
and P°lymerizauo^ «W« of shorter fragments 

cooperative binding strength in siSSSSSSSniSSS? PJ™? 8 are examined to improve the 
17 (Scheme 9) will aUoJffi us ^of^Ker pritfS ^^f^ 1 ^ ^^template 
investigated (Scheme 10). This contains iSSEf iT 211(1 a ? _12mer P nmer 24 to be 
Ohgomerization ^ndJ^^S^S^^^^S^- bmdiRg region - 
strand template directed reactions " ^ h ^fPPng «* nonenzymatic single 

be optimized for analyiiHJS^ oUganwizati&s will 

primers 23 and 24 and the h^oSnZ^i ? ?T0 S KSSlon from a double ligation between 
and 24 and twelve Kd&3^^ oligomerfzation between 23 



Scheme 10. 

5' 23 
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g-g-g-a-g-g-a-a-a-g-a-a-g;a-a-a-a-a-a 
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ligation s 
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;a-a;a-a |a-a; o-g-g-a-a-g-a-g-a-g-g-a 

!a:a!a:a!a:a!g-G-G-A-A-G-A-G-A-G-G-A oligomerization 



to primer -io^S^S^!^^ *£™ ™™™ is ^ directed 
primers will not be ligated with L final ODN SS£S^^^-f , ? cal ? 50 me 
preorganization, cooperative binding benpfifc Jl • ' ? P ^ ers wlU for template 
the template substrates, but ww^L stackin S with 

require 3'- and S'^'cq^dhSSSSTSS?? T/S^?™ 1 pr ° ducL 71118 wm 
readily accomplished by VB^SSSu^S^^S^ (Scheme U) * This wiI1 be 
with a S'-O-methyl tmULSa^uS^J^J^J 1^f? Xy and primer 26 

available phosphoramidites for a sySesfs ^ to r Si?^ USm * c «cially 

commercially available 2* 3'-did«Mv««.52wl ( u° 3 ^V? 11 ) Wlth the incorporation of the 
26 will requje the synthest of£?S^l£S£?^ f ° r fuial C0U 2W P^er 
procedures." Incorporation of this phosZSke hora T dlte fording to reported 

win afford primer 26. End-capped primed SSSd 2 £ffl Hf Plulg °1 DNA s y nth esizer 
hg« 

*~ 5, G-G-G-A-Q-G-A-A-A-G-A-A-Q3' 

rn qj m m m 25 



•M^C^-C-T^T^-T-C-T^C-C-T^A 

5'z-g-g-a-a-g-a-g-a-g-g-a 3 £ 



|-OP0 3 *M* 




designing a circular template-primer system which will remain intact wrmraUowin/uSS,^ 
from .tje temp a te substrate tQ ^ ^ d^ys* aSS brief! v 

described (section I.C, see section H). This will require a method to bind the SSS^L* 

iSSf ?K mpl t t0 1,6 dena ^: A °° va[eat bound . end-capped primer attached to the cSS 
template though an appropriate linker will allow multiple template use without primer J££fon 

A stable primer-template complex will be formed through covalent liiikageTme en? 
capped primers to the circular DNA template. Extensive molecular moMinS ^n^do^eA 
°2tf ^ ^ P™"- 57 Based on Kool's detaSaSS oFSK? 

ESS? 25 g r ^ ^ looped ^ of circular DNA f ^ homopf^&r a 
modified polyemyleneglycol linker was chosen for modeling. 58 The biodeiadabk SkJkJK 
this linker make it ideal for use in this "green Drocess" 51 Knnl'c thlST > properties of 
polvetJiyleneglyco^ 

triplex binding of smgle strand homopurine ODNs. For the modeling studies flSE c^mp^ of 




5.73 A 



5.73 





two trikisethyleneglycol 56 units with an intervening threonine derived 59 unit connected thm.mh 

d^Snwt—,?^ a Span U P t0 7 A - IncorporSon of Ss Snkefwll be 
described below. It is available in various lengths so a range of linkers can beassessS 

Additional oligonucleotide will be extended fbUowed hTth, ^ /. ^ fuSt l00ped re S 10n - 



Scheme 12. 
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1) Standard amidite additions 
along with 31 .32 or 33 

2) Deprotection and deavage 
3 Purification 

3) Triplex directed circularization 



~N— Treoc 



/// 



"CO 15 

-OD 
34 




H 2 N-V 



X-NH-Treoc 



-(Y>— C-G-O-T-T- 
12 



circularized via triplex 
directed ligation with 
standard conditions to 
afford 34. 

Independendy, 
the two modified 
primers will be 
synthesized ( Figs'). 
A carboxy terminus 
will be provided by 
using the nitrovera- 
tryl derivatized solid 
support 35 which can 
be photolytically 
cleaved to afford a 
carboxylic acid 60 
This derivatized 
support can be 
purchased in various 

linker lengths. Primer 36 and 37 will be synthesized as previously described (Scheme 1 1) on 

lf» final ^irmnlof TYM A lO i. v ' 



H 2 N^X 



ff 34 12 3' 



(pEtCN 
k O^N(iPr) 2 



\q^\^ODMT 
31 



7^ "W, 

* *° ^ 33 ^ 

NCEtcT K N(iPr) 2 [ MS 



NCEtCT^NfiPr); 



support 35 The final circular D NA template 38 with covalentlv attached prime rs (Fig 6 ) will be 

synthesized in two steps. 61 r 5 - 

Treoc-protected 34 will be 



condensed with 37 and EDCL 
Treatment with TBAF to remove 
the Treoc-protecting group 
followed by EDCI promoted 
condensation with 36 will 
afford the fully functionalized 
template 38 (Fig. 6). 



DM 




0 X 0^ 



-COOH 



H 3 CO 



35 



Figure 5 



G-G-G^A— G-G-A-A-A— G-A-A-Q 
5' 36 

5' 3' 
Z-G-G-A-A -G-A-G-A-G-G-A 

37 HOOCTV^ 0 

o o 





^~G-&G-A-&GA^A-&A^-Q T l-GGA-A-GA-GA-GGA. 

^_ to 

Figure 6 . Primer attached circular DNA template. See Scheme 1 1 for Q and Z designation. 

A-te . • i 5 *. System Analysis.. A combination of T, CD spectroscopy and 
^SlfST 6 cai ? maeti y (°SQ will be used to derive as detailed an undersSnding of the 
template substate associauon as possible. Analysis of the thermodynamics of mononucleotide 
association with the template system should be possible using DSC These studies wLU 
T^^rZ? lessor Wes Stiles (University of Arkansas) whose expertise is in 
S-T 2 f £? telD d5 ? amiCS ^ mm Z DSC A* 11 ^ of the enthalpic and entropic cSmponente 
of the substrate-template association will be particularly informative. Throughout wuTof mis 
E^£ 0mP ^ 0D ? fvan °^ modifications in the template system, with appropriate Solf no? 

mScaUonsIf ^ 3 ^ «** effect of SriL ter^ET 

rnooitications (e g., JC or '"C incorporation, primer G-content, substrate binding region G- 





II. Sequential Single Ligation Reactions. 

Based on the quantitative ligation yields in our Preliminary Results with single ligation 
reactions on a circular DNA template, an additional option to a multiple ligation or ohgomeriStion 
synthesis of ODNs will be pursued. This approach will utilize seven circular DN/^temdat^wiS 
attached pnmers in seven separate template directed single ligation reactions to afford a homopurine 
hexadecanucleotide of any designed sequence. This will utilize all the previous synthetic P 
approaches discussed to produce the required circular template-prim er integrated system 
The basic approach is 1 " z : 



Scheme 13. 



Y = C/T R = A/G 
m 

I = C/T 

0 = S-O-methyl-G 

Zag^'-dldeoxy-G 



Slam 



Na,o, 



R + 




(4 separate templates) 



pOPO,Na 2 



- R 
OH 



(4 separate dimers) 



R-R-R-R 
NajCVO-J OH 
(4 separate tetramers) 



Final: 



P- R-R-R-R- R-R-R-R- R-R-R-R- R-R-R 

,PC ^ (a hexadecadeoxynudeotlde) 0H 



-(Y),i- 



-O0.r 





R-R-R-R- R-R-R-R 



NaaCPO- 1 OH 

(2 separate octamers) 



(2 separate 
templates) 



outlined in Scheme i3. The 
starting material source for template 
directed, single ligation reactions 
will be all four purine dideoxyribo- 
nucleotide monophosphates 
(pdAdA, pdAdG, pdGdA and 
pdGdG). These will be synthe- 
sized in large scale solution 
reactions by established methods. 62 
The first template directed reaction 
will be a single ligation of two 
purine dinucleotides to afford one 
desired tetranucleotide. The second 
reaction with another two dinucleo- 
tides will form a second tetra- 
nucleotide. Repetition of these two 
reactions (third and fourth 
reactions) with two other pairs of 
dinucleotides will afford another 

two tetranucleotides. The fifth 

reaction will^ligate two of the tetranucleotides to produce a specific octanucleotide while a sixth 
Lgauon reaction of another mo tetranucleotides will give the%econd required octanucleotide for the 

will afford the final hexadecanucleotide sequence specifically 

fl rrnn,nS^ P H r?CeSS en «™*ring of lar S* scale ODN synthesis using this technique could be 

SSSSSS m ^TT W , ayS ' TW ° a PP roaches ^ be investigated for ODN synthesis and 
SShSSS".^ • ^ m °f eC °. n0mic approach ' wU1 aUaa P t * e sequential ligation 

KSf^F * S ^ rea ?*™ V u SSe With n ° P urification » * type of "in vitro selection pnx:ess» 
Speed and simplicity will be the primary advantages of this approach. (2) The second Eoach 
will invo ve sequential dialysis of each Ugation reaction and separate reaction vSJftS* 

appmacr gatl0n ' ^ ^ ^ FeaCti0n efflCienCy WU1 ^ * e ke * 

A. In vitro Selective Ligations. This economically efficient approach will 
SSSiS^ ''Mi ^ VCSSel f 0 ;^ s y nthesis * a homopurine hexadecJSS^ 
SXS^ J? v ^ acc ^hed by having a reaction vessel containing aU the JSSd 

MWTo5^ reaCtl0nS t0 u Pr ° dUCe * e fourre ^ ed tetranucleotides. Fourl^Ste 

MWCO 2,000 dialysis; reservoirs, each containing a circular template designed for ligation of one 

Iti * a< ?i d t0 reaction vesseL ^eftoirs wmlSow ^e 

^^^ST^ l ° }FT mt ° ^ ***** reservoirs * e W™« ligation product of 
MW ~ 1,600 to diffuse out to the reaction vessel. A heating and cooling equilibration cycled fto be 
Z^i WlU ^ ow te ^P la ^ubstrate association. The low ta^s^S^S^^ 
dmucleoades and regioselective control imposed by primers and or *C inco™ra™S£ 
template is expected to afford specificity in the templke directed ligations Th ^SSSSSto wffl 
teimua^ Afterabrief reaction time(<l ^SffS^SSZ 

briefly WaShed ' «* ^ «nS3S tadc 

to the reaction vessel The dialysis reservoir containing the circular templates can be reused in 

separate nutans multiple times to afford the required^amount of ODR P ^^ 

required for tetranucleoude Ugations to afford ocknucleotides will be added in MWCO "J W 





l ff n ™" to ? e ^t 100 ves sel. These dialysis reservoirs will allow diffusion of the 
substrate tetranucleotides in and diffusion of the octanucleotide ligation productsS ? - .3 Mm 
back into the reaction vessel. The same template-substrate equflitaation. bS5 ligation iniffin 
and brief wash will afford the two desired octanucleotides in the single faction vessel l£E ?o 
this reacuon vessel a dialysis reservoir (MWCO 8,000) containing the final tempkte for * 
octanucleoude ligation to afford the desired hexadecadeoxynucleotide wuT beSed The ^ 
SSr'tYS ^ 3 rcactio ^ture which shLld be hi^ ^oncenuSed^th^ 
final 16-mer. The buffered reaction conditions will prevent significant dH chaneesls BrCN 
decomposmon products buUd up over the course of the reactions. The &fito£!£^ 

ODN. The final reaction mixture will be concentrated in a MWCO 3,500 dialysis reservcS to 
allow concentration of the final 16-mer (MW - 6,400) from any shorter ODNs to th 3™ 
(where foe ^octamer will have a MW - 3,200). Any further purSion, tfrauked ca£ of 
accomplished by standard RP-HPLC or PAGE. i^uirea, can be 

m ™t f^ 5 ^ ^ 3 S 1 ^ ° f Min vitro select i°n Process" for thermodynamic selection of the 
most favored template-substrate association in each step. If mismatched UgationToSTat one 

ODN SbKSffr l6SS tighUy With 1116 tem P la te for the foUownig Ug^Sn Excess 

S?i2r onM • ?° m pr T 0US h £ atlons should similarI y not cause complications smce SI 
& ? W i ^ gaU ° n P"**"? ^ m dwa y s associate mor e tighdy with the cMar templSe The 
EH?? during ligation pre-equilibrium till favor single Ugation reacLsof 

longer ODNs to afford the mtended product ODN. The final dialysis wif senarate a™ ^22« 
substrates and truncated byproducts.^This is anticipated toffiT«5SS^Sc?5L 
process" for homopume ODN synthesis for large scale therapeutic i^SS^tat<£^ 
nmHnr-t * "h | Je^ ^ uen ^ , ? 1 ? iaIysis Li 8 ati °ns. The second approach U aSKHto 
SSSiW m reaction ' °* require more time. This approach wS iSve 

7m 1 SS"»?ZiS 9 5S"S "y tsmpla.e-substta.e equilibration for -tthrtn. , 



then be initiated with the 
addition of BrCN. After < 1 min 
(conditions will be optimized), the 
dialysis reservoir with the product 
tetranucleotide (MW ~ 1,600) 
concentrated in the reservoir will be 
removed, and transferred to a 
MWCO 2,000 dialysis reservoir. 
Heat denaturing dialysis will afford 
the pure tetranucleotide. The 
circular template can then be 
transferred back to the MWCO 
1 ,000 dialysis reservoir for 
repeated use. This cycle can be 
repeated as necessary to produce 
the required amount of ligation 
product. The other three 
tetranucleotides will be formed 
simultaneously in separate reaction 
vessels following the same 
procedure. The two desired 
tetranucleotides for the following 
octanucleotide synthesis will be 
combined in a reaction vessel to 
which the required template for the 
ligation reaction will be added in a 



Scheme 



1) Add templates 

2) Equilibrate 

3) Add BrCN 

4) Heat denature 

5) Remove templates 




[ finaThexade^^ j 



6) Add next templates 

7) Equilibrate 

8) Add BrCN 

9) Heat denature 

10) Remove templates 



[ 2 separate octamers | 




-OOter 
(final template) 



11) Add final template 

12) Equilibrate 

13) Add BrCN 

14) Heat denature 

15) Remove template 



^Brf^ifS^r 61 ^ (StCP S , Che ^ e 14) - Vibration followed by ligation initiation 
with BrCN wdl afford the product octanucleotide (MW - 3,200) concentrated ui the dialvsk 
reservoir. As before, heat denaturing dialysis from a MWCO 8 000 reservoir wUl afrbrdAe ™„. 

ST^T^ ^ rcm ^r g tem P late can te ««d multiple UgS cySo a^ 0 T 
the desired amount of product The same procedure will be used to oroduce the a HHit;™*i ■ , 
octreotide simultaneously. Following the same cycle T^^SSS^^S^n 

will oe added (Step m Scheme 14). Equilibration, BrCN initiated ligation and denaturing 
dialysis from a MWCO 8,000 reservoir will afford the pure hexadecadeoxy£^ 
Repeated cycles will afford as much product as required This aDoroach 3 aftS ™2 ? '< 
SS°? N ? at P?teatiaily an/desired u^^^SSS^^^^ 

Kendal gJSS** 1 W m * P ™ «* b ^ ducts - -oved^ Sge of 
appro^ 

reaction to be performed to produce large quantities of each oUgonXtide 7) ^fhitew of 
tSS.^^* ^ ?° 0n0mi ? approach for ^ s y" teis «f ^medXoSSs ' S? 



impact 

III. Future Studies. 



hflQPQ 65 will u * uie iem P^aie. Non-nucleic acid pynmidine- and Durine-like 



Hileman.B. C&EN (June 8) 1998, 3 1 . http://www.lanl.gov/Intemal/projects/green. 
Cancer^utDes^t^ ' m R ^° n of Gene Expression," Anti- 

forOtig^^^ 

nl ™' a "^ ti T^ 01igonucleo ^ 

171-78. (c) Temsamaiu J.; Guinot, P. "Antisense Oligonucleotides: A New TheraSudc 
Approach r Biotech, and Appl. Biochem. 1997, 26, 65-71 (d) Maher L J "PrS^L a. 
mrapeuuc use of Antigene Oligonucleotides," Cancer lnie t^996, U, 66 g^^Qooke 

^Q° P ^ r0m Sff 6 ^ TZ° h . T ° Thera P^tic Agents," S/acAeS . tSS 1996 2 > 
Sr3 fe ^ J^n Antisense Oligonucleotide Therapeutics - Drug DeUverv and 

I C HF V -^T De/ ^ 199 V 5 ' 115 - 31 (h)Demesmaeker,A.D?Han er ^ 
' Moser ' HE - Antisense Ohgonucleotides," Acc. Cfom. Res. 1995, 25, 366-74 

f«r nM?^^ 611 ' T . ,; TK Urg ' A>; M^P 31 ". A.; Peltonen, L. "Minisequencing- A SDecific Tool 

is^ 

nsWrnff 65 35 R ^ earCh ' Diagnostic > 311(1 Therapeutic ^^Lto/ C^^TO 

A^T99 e 3^8^ Su ^„ far Use » Nucleic Add taSo Sg-XLfcfc 

Ato^^M^^lS.^ RG.H. "Current Methods of Mu^tion Detection," 

w c • n F ° r ex . a, ?P le 5 of Oligonucleotides for Molecular Biology applications see- ^Marshall 

The cost difference was determined according to present catalog prices as follows: 
Regular Approach 




A1 




51.25 

"Total $230" 

sun^nrt e m b a l e<1 ° n f WS ' ^ additi ° D t0 ^ rea S ent C0StS > 0De ti ™ COSt for solid 

support, machine and hazardous material shipment charges. 

Our Approach 



Reag 



Amount/Base Cost dollars/Unit Dollars/B^p" 



G-mono phosphate 0.000 1 g 



$3.92/ 



$0.000392 



A-mono phosphate 0.000 1 g 



$1.89/ 



L 



$0.000189 



BrCN (5.0 M) in 
CH,CN 



2uL 



$3,867 ml 



$0.000772 



Total $0.001353 



SSS. bMed 00 °' 2 m SyDtheSiS - * additi ° n t0 reagent C0StS « one ^ cost f <* templat, 



n# • (a ) Eg ft M ;, " Structu ral Aspects of Nucleic Acid Analogs md Antisense 
Oligonucleotides," Angew. Chem. Int. Ed. Engl 1996 35 1894-1909 ^ c t t 

anal^es wijh modified backbones.' ^S^W^^ SWuBH 

Micfcfc Ac&. 1998, 25, 94-99 ° DB " The Human Genome Da ^base." 

« „ F . or a select ion of recent examples, see: (a) Matteucci M • I in *r v • u,„„» t ™ 
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The template directed, non-enzymatic polymerization of nucleic acid monomers is not only a 
model for information transfer systems, but also may potentially be used to direct desired 
organic reactions in a stereo- and rcgio-selective manner. The ability of nucleic acid polymers 
to act as templates can be increased by enhancing base pairing and base stacking of the template- 
bound complex. 



The replication fidelity of the enzymatic polymerization of nucleotide monomers into 
nucleic acid polymers is an inspiring example in template directed synthesis. Orgel and 
coworkers have pioneered advances in the template directed nonenzyme polymerization of 
a f Vat ^ rft>0nU " le0tide ™«°™rs. We are investigating methcJTE allow the 
^S^IH^T"^ ° n ^ ,emP ' a,eS - ^ 



CHEMICAL LIGATION/OLIGOMERIZATION OF DNA 
ON CIRCULAR DNA TEMPLATES 



Introduction 

Soon after Watson and Crick postulated the model of nucleic acid synthesis directed by a DNA template, 1 
Todd apdy expressed the inspiration which this offered to organic synthesis in that it "represents a challenge 
which must, and surely can, be met by organic chemistry." 2 The preponderance of template-directed reactions 
reported to date model DNA replication due to its high fidelity and defined molecular contacts. This fidelity is 
atpjjbuted to both intramolecular interactions of nucleic acid bases (stacking) and specific intermolecular 
iniyractions (base-paired hydrogen bonding). The combination of these noncovalent forces has directed the design 
of a variety of template-directed or "artificial replication" systems. 3 The potential for applying the specific 
interactions of nucleic acid bases to controlled polymerization reactions has been exploited in the non-enzymatic 
syfithesis of RNA oligomers 4 and backbone-modified nucleic acid polymers. 5 Single and double stranded DNA 
templates have further been utilized for the sequence specific control of ligation, cleavage and crosslinking 
rdabtions on the corresponding oligonucleotide recognition sequence. 6 

y The potential application of DNA as a defined template for the control of organic reaction asymmetry is 
lifsited by the energetics of base pairing/stacking interactions under the desired reaction conditions. These 
limitations are readily demonstrated by the difficulties encountered in non-enzymatic, DNA template-controlled 
synthesis of oligonucleotides 4 and backbone-modified nucleic acid polymers. 7 

We have sought to expand the potential usefulness of non-enzymatic DNA template-directed reactions to a 
variety of organic synthesis problems for a general oligomerization methodology. The goal is to develop a general 
synthetic methodology with unique chemo-, regio-, and stereoselective potential. The foundational goal has been 
to initially optimize a template-directed methodology for the ligation and oligomerization of nucleotide derivatives. 
This required a template-directed process with improved thermodynamic binding of the monomers to the template 
for better control in reaction selectivity. 

Although the Watson-Crick binding and polymerization of nucleotide monomers with template nucleic acid 
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polymer strands is efficient under enzymatic control, the corresponding non-enzymatic controlled reactions have 
proved much more challenging. 8 Improved thermodynamic recognition of the nucleobase for the template could be 
achieved by maximizing the aromatic stacking and number of hydrogen bonding interactions of the template to 
accessible donor and acceptor positions of a nucleobase. This would increase affinity as well as specificity. As 
illustrated in Figure 7 , this could most readily be accomplished with a template bound to its nucleobase monomer 
substrate in both a Watson-Crick as well as a Hoogsteen sense. This would result in a triple helix-like structure. 
The optimal template for achieving such substrate binding would be circular DNA where the opposite halves cast 
the antiparallel strands necessary for the Watson-Crick strand and the Hoogsteen strand of a triple helical complex. 
The substrate nucleobase monomers would then compose the central strand of the triple helix on the circularized 
DNA template. This should significantly enhance the binding energetics through increased stacking and hydrogen 
bonding interactions of the monomers with the template relative to a corresponding single-strand template. The 
improved thermodynamics has been clearly demonstrated by the work of Kool and coworkers using circular DNA 
to bind single-stranded oligonucleotides. 9 



Figure 7 . Ribbon graphic of a circular DNA template with bound monomer nucleobase derivatives and 
illp|tration of the template-substrate triplets (R represents reacting substrate for oligomerization). 

Results and Discussion 

^0 Initial studies of template-directed reactions will concentrate on defining the fidelity and regioselectivity of 
th|^substrate-template system. Based on the pioneering advancements made by Orgel and coworkers, a ready 
comparison can be made between template directed reactions on our circularized template, a corresponding single- 
stkhd template, and more recent template directed reactions using single-stranded hairpin structures as the 
template. 10 

%y Three different circular DNA templates were designed for our initial studies (1, 2 and 3, Fig. 8). To 
enforce local structure of the circular DNA template, short primers (A and B, Fig. 8 ) with unique sequences were 
designed as anchoring points for the initiation of triple helix motif interaction of the reacting substrates with the 
circular template. Propagation through favorable stacking interactions along the template was expected." Each 
circular template contained the same two primer binding sequences (Fig. 8). Differentiating between the two 
halves of the template {i.e., the Watson-Crick binding portion and the Hoogsteen binding portion) will control the 
regioselectivity of the ligations and oligomerizations. For example, forming C+ GC triplets requires the 
Hoogsteen C-base to be protonated in order to hydrogen bond to G, while the Watson-Crick C-base is not 
protonated (fig.l). A 5-methyl-C derivative within a pyrimidine strand is known to increase triple helix formation 
relative to C due to the lower p^. 12 The template was designed with 5-methyl-C's at all Hoogsteen binding 

portions and C bases at all Watson-Crick binding sites of the template in order to determine if the desired 
regioselection could be enforced. The ability to propagate the regiospecificity throughout the template-substrate 
triple helical structure by favorable stacking interactions was to be examined by comparing the ligation and 
oligomerization results using circular templates 1 and 2 versus 3 (fig. 3). Only 3 would be expected to afford 
better regioselectivity in the reactions unless the directionality of the oligomer or monomer nucleobase binding to 
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the template is controlled through propogated stacking from the primers. 



Figure 8. Three circular DNA templates (1, 2, and 3) and their respective primers (A and B) for directed 
ligation and oUgomenzation experiments. The C designates 5-methyl-cytidine (see text). The highlighted resion 
designates the ougomerization portion of the templates. 

The circular DNA templates were synthesized by modifications of existing procedures. 13 After solid- 
support automated synthesis and purification of oligonucleotides 4, 5, and 6 (scheme 15), U cyclization was 
accomplished with cyanogen bromide in the presence of the required purine-rich oligonucleotide for template 
directed ligation of the two ends. This afforded 1 in 60%, 2 in 30%, and 3 in 25% yield for the cyclization 
reaction. 
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Q Melting studies were conducted on the circularized templates in order to verify cyclization. An example of 
th| melting analysis is shown in Figure 9. The 1 1 °C increase in T m from precircle 4 hybridized to the respective 
pWine-rich oligonucleotide {fig. ?A) to template 1 hybridized to the same oligonucleotide (fig.^B), clearly 
demonstates the successful cyclization to the desired cicular template. 



Figure 9'. Melting analysis of 4 with the purine-rich oligonucleotide &A) and circularized template 1 with the 
same oligonucleotide ($B). v 

The hybridization of the primers with the circular templates was also investigated. As shown in Figure 1Q 
single primer association of B with template 1 melted at too low a temperature for successful T m measurement 
(fig.WA). When both primer A and B were included with template 1, a T m of 12 °C resulted. This suggests a 
cooperativity in the binding of the two primers to the circular template. With this information, the template 
directed reactions were generally carried out at < 5 °C. 



Figure 10. Melting analysis of circular template 1 with primer B (f9A) and 1 with primers A and B (^5). 

A series of ligation reactions were initially to be examined in order to analyze the efficiency of different 
length ohgonucleotides in ligation reactions on the cicularized templates. The 5'-phosphate which would undergo 
ligation was 32 P-labeled in order to allow analysis by PAGE analysis and quantification by autoradiogram 
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densitometry. As outlined in figure 5, the progression from 5' 5-mer oligonucleotide 7 ligating with a 3* 12-me 
8 up to a 5' 12-mer X ligating with a 3' 5-mer X would be investigated in order to asses the effect of length and 
directionality of the ligation. The results of this analysis will provide the minimum length needed for the primer i 
oligomerization studies. 



Figure U Ligation analysis investigations in order to probe the effect of oligonucleotide length and directionality 
formation ati ° n reaCti ° n ' P * re P resents ±e labeled phosphate which will undergo phosphodiester bond 

Initial investigations of 5' 5-mer 7 ligating with 3' 12-mer 8 (5'- 32 P labeled) were used to develop optimal 
conditions for the ligation reaction. The results of this initial ligation reaction are shown in Fi gure u . Analysis of 
the autoradiograms of the PAGE results reveals the ligation reaction was much more efficient on the circular DNA 
template (lanes 2 (Gel A) and 1 (Gel B)) than on the corresponding single strand template (lanes 1 (Gel A) and 2 
(GeJB)). The only ligated products seen in the reactions comigrated with the full length 5'- 32 P labeled X (lane 3 
(GeJB)), corresponding to the ligated product of 7 and 8. Ligation on the single strand template was seen only 
wijjjMgCL. in MES buffer. In this case, the ciclular template afforded the ligated product in twice the yield as on 
the,iingle strand template (62% vs. 32% yield). The ligation reaction was also highly selective with no products 
arising from the dimerization of the ligating fragments or coupling to the template itself. 



Figure 12. Autoradiography of PAGE analysis of the ligation of 5-mer 7 with 5'- 32 P labeled 12-mer 8 Gel A 
tW n '""I? ll % r ? aC *Sc ^J^NiO, in imidazole-HCl buffer, while Gel B shows the result of the 
rearjon run with MgCl 2 in MES buffer. Lanes 2 (Gel A) and 1 (Gel B) show the migration of the reaction 
nurture from ligation on circular DNA template 1. Lanes 1 (Gel A) and 2 (Gel B) compare the results of the 
hgaaon reaction on the corresponding single-starnd DNA template X. Lane 3 (Gel A) shows the results of the 
hgation reacuon with no template present Lane 3 (Gel B) shows the migration of the expected full length ligated 
product which was mdependendy synthesized and 5'- 32 P labeled g 



Conclusion 



The sequence-defined, helical structure of DNA makes it an ideal template for the sequence- and 
stereoselective directing of organic reactions. A circular DNA template has been demonstarted to afford a 
thermodynamically stable substrate-template complex effective for chemical hgation and oligomerization of deoxy- 
oligonucleotides and mononucleotides. 

We realized the current limitation of this template directed methodology to the two purine nucleobase 
substrates, A and G, due to the present inability to efficiently recognize pyrimidines via triple helix formation. 



Future investigations will attempt to overcome this limitation by taking advantage of known novel nucleobases for 
recognition and incorporation into the circular template. 15 



Materials and methods 



Phosphoramidites, solid supports and chemicals for DNA synthesis were obtained from either Cruachem Inc. 
or Penninsula Laboratories. All enzymes were purchased from Boehringer-Mannheim (or) New England Biolabs! 
The radiolabeled 5'-(a- 3: P) ATP (>6000Ci/mmol) was obtained from Amersham. . Analytical and preparative 
HPLC was performed with a Schimadzu LC-600 Liquid Chromatograph with SPD-6A UV spectophotometric 
detector using Varian 150 x 4.6mm, 5m, C18, 90A column . Oligomers were also purified by preparative 20% 
denaturing polyacrylamide gel electrophoresis, desalted (using Sep-Pak R from Waters) and quantitated using 
Hitachi U-2000 spectrophotometer by absorbance at 260 nm. Molar extinction coefficients for the oligomers were 
calculated by the nearest neighbor method.' 6 The melting studies were carried out in teflon-stoppered 1cm path 
length Quartz cells under nitrogen atomsphere on a Jasco-710 spectropolarimeter equipped with Jasco 
programmable temperature control. Absorbance(260nm) was monitored while temperature was raised at a rate of 
0.5 °C/min. The scintillation counting was done on a Wallac 1410 Liquid Scintillation Counter. All other 
Chemicals were of analytical grade (or) HPLC grade. Standard molecular biology techniques were used, if not 
mentioned otherwise. 15 DNA oligonucleotides were synthesized on an Applied Biosystems 392 synthesizer using 
p- cyanoethyl phosphoramidite chemistry. 15 3 '-phosphate ends were synthesized using the modified solid 
supports purchased from Penninsula Laboratories. Circularization of linear 3'-phosphorylated pre circle oligomer 
wgs achieved using short oligonucleotide templates to align the reactive ends and BrCN/MES(Et 3 N) buffer 
pj|p7.5/Mg 2+ chemistry to achieve the ligation. 14 

ED 

Thermal denaturation studies 

j= Solutions for the thermal denaturation studies contained a one to one ratio of the circular oligomer and the 
complementary oligomer(3mM each). Also present were lOOmM NaCl and lOmM MgCl 2 . Solutions were 

buffered with lOmM MES(Et 3 N) at pH 7.5. After the solutions were prepared they were heated to 90 °C and 
allowed to cool slowly to room temperature prior to the melting experiments. 

Preparation of 32 P-labelled oligomers 

g lOpmol of the gel purified oligomer was dissolved in 10.4ml of sterilized water, 2ml of lOx kinase buffer,6ml 
og(a - P) ATP (60mCi) and 2ml of T4-polynucleotide kinase were then added for a total volume of 21.4ml. 

Fallowing incubation at 37 °C for 1.5-2h, the reaction mixture was heated at 70 °C for 5 min and slowly cooled to 
room temperature, purified by Sep-Pak chromatography. 

Polymerization reaction conditons 

Reactions were carried out according to the several published literature procedures 11,14 . Autoradiographic 
detection were used to analyze the product formation. Product yields were estimated from densitometry analysis of 
scanned images of autoradiograms. 
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An Economical and Environmentally Friendly Approach to the 
Large-Scale Synthesis of Therapeutically Active Oligonucleotides 

v i T^i^u treatment of hu J™ n disease is P° ised to undergo significant advancement with ever increasing 
knowledge of the human genome The emphasis of genome research is shifting from mapping to sequencing and 
functional analysis. 1 Converting the knowledge of genomic function into disease treatmerit requires me chemical 
means to recognize and regulate genetic transformations. One of the most direct means to mediate genetic - 
transformation is through antigene approaches. 2 Antigene methods involve the use of natural or non-natural 
oligonucleotides for sequence-specific binding to double helical DNA. 3 This can be used to block transcription or 
as a means to modify the target genetic sequence. 2 

th* a ^ 0U & anti § en t f therapeutics holds a great deal of promise for a general approach in treating diseases at 
%f ^ leVe1 ' reSe ^ C 5 re , mam : l t0 be accomplished in order to bring the proven technology to a commercially 
viable therapeutic method. One of the key limitations is the ability to produce large scale (multi-gram) quantities of 
destred natural or non-natural oligonucleotides. The state-of-the-art techniques for oligonucleotide syndesis 
fejugh well established automated solid-phase chemistry is still limited to the low rrJlimole scale oTa routine 
ba&is. The impracticahties of solid-support chemistry and the environmental impact of high volume waste 
generated by multistep synthesis of oligomers on larger scales is quickly realized. 

S Y e rapic ¥ y P r ogr essin S ' m the development of a methodology for natural and non-natural 
oflgonucleotide synthesis m a single chemical step which produces little waste and environmentally inert by- 
products. The cheimstry can be accomplished under aqueous conditions from cheap, commercially available 
staging monomers which are stable and require no protecting groups for the oligomerization process. This is in 
contrast to the present solid-phase methodology requiring a minimum of eight chemical steps per monomer 
addition, expensive starting materials which are hydrolytically unstable, uneconomical use of multiple protecting 
grgups, and uuhzes enviroruiientaUy harmful solvents and reagents producing significant waste. 5 

i , , W 5, have f0l ^ d the use of a small circularized DNA as a template in oligomerization of commercially 
available 5 -monophosphate nucleotide salts offers greatly enhanced yields over reactions on sinele-strand DNA 

m P ^eZXlT th l ^ mon0nuc f le K 0tideS bind t0 ** ciicularized'template to form a triple hllixSltruct^re 
hnffiS ™ proved ^o^ainics of this monomer-template complex allow for efficient oligomerization in 
buffered water with cyanogen bromide to produce the sequence-defined oligonucleotide (2) The product S) is 

TP*** ^ in£ ? *y-V 0d ? c «r cai&n dioxide andsSSl 

SS T^n. ^ u" baSe ' P"™ 6 "™* oligonucleotide (0.2 micromole scale) would be approximately 1 000- 

mloHniK^ 311 T S ^ T"? Phosphoramidite, solid-phase synthetic method. Exp P ansion of this 
methodology to multigram scales will be accomplished by attachment of me circular DNA template to a sohd 
support for repeated cycles of aqueous based oligomerization reactions. Modified ^a^^^^ 
denvatives will be prepared from the appropriate monomer precursors. ougonucieotiae 

The 1,000-fold savings in material costs and alleviation of waste concerns will assure certain commercial 
success for the large-scale synthesis of therapeutically active oligonucleotides commercial 
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The enzyme controlled synthesis of nucleic acids directed by a DNA template is the model of 
fidelity and regiospecificity for designing template-directed reactions in organic synthesis. This 
research has focused on the design, synthesis and evaluation of methodology for template-directed 
chemical ligations and oligomerizations of DNA oligonucleotides and mononucleotides. The use 
of circularized DNA as the template for directing the assembly of desired reaction substrates has 
been investigated. The effect of primers, primer lenngth, concentrations, buffer, salts, pH, 
temperature, coupling reagent, and coreagents has been investigated. The difference between 
ligation of 3'-phosphates and 5'-phosphates has also been investigated. The present optimal 
conditions for the ligation and oligomerization reactions has resulted. In all cases investigated to 
date, the ligation of short DNA oligonucleotides on circularized DNA templates is always more 
efficient than the corresponding ligations on single-strand Watson-Crick DNA templates. 
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Use of Circular Oligomer Templates for Directing Chemical Reactions 

The use of DNA or RNA as templates upon which substrates bind for 
chemically induced covalent bond formation has been known since 1966.' Since that 
time numerous oligonucleotide ligation reactions have been reported in duplex directed 
systems with single strand DNA templates, where Watson-Crick hydrogen bonding 
affords the substrate-template association. 2 ODN ligations have also been reported in 
triplex directed systems with double strand templates, where Hoogsteen hydrogen 
bonding of homopyrimidine ligation substrates to the homopurine strand of a 
homopryrimidine-homopurine Watson-Crick duplex affords the substrate-template 
complex. 3 Non-enzymatic, template directed ligation strategies are particularly 
advantageous for constructing non-natural, modified oligonucleotides." This includes 
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the synthesis of small, circular DNA through the template directed circularization of 
linear ODNs. 5 

Chemically activated, template directed ligation and oligomerization reactions 
have gained interest for their potential role in prebiotic DNA and RNA synthesis. 6 , 7 , 8 
The higher association of short ODNs with DNA templates has resulted in numerous 
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reports of template directed ligation reactions of short ODNs as a less challenging 
alternative to template directed mononucleotide oligomerizations. 9 

The present circular templates and methods inlude any of the approaches used 
for linear template directed reactions noted, but modified by circularizing the template 
such that the template will display recognition elements on opposing sides of the 
circular template for complexation with the substrates undergoing reaction. The 
present method includes modification of the oligonucleotide circular template for 
broader applications of template control in directing a variety of chemical reactions 
under a broad range of conditions. These extensions include the use of any circular 
oligomer which will display the binding elements for template-substrate association for 
the purpose of directing or controlling covalent bond formation of the substrates. This 
includes any standard modifications of nucleic acid components (Figure 13) such as 
described in various scientific literature reviews. 10 , 11 , 12 



Standard Modifications of Nucleic Acid Oligomers 



5*-end 
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3'-end \ 




nucieobase 
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(10) Beaucage, S.L.; Iyer, R.P. Tetrahedron 1993, 49, 1925-63. 

(11) Uhlmann, E.; Peyman, A. Chem Rev. 1990, 90, 543-84. 



Figure 13 . Components of nucleic acid polymers that are commonly modified to induce selective 
properties or functionality to an oligomer. 



* (a) Harada, K.; Orgel, L.E. OIn Vitro Selection of Optimal DNA Substrates for Ligation by a Water- 
Soluble Carbodiimide,6 J. MoL EvoL 1994, 38, 558-60. (b) James, K. D.; Ellington^ A.D. OSurprising 
Fidelity of Template-Directed Chemical Ligation of Oligonucleotides^ Chem & Biol 1997 4 595- " 
605. ' * 

10 Beaucage, S. L. and Iyer, R. P. OThe Functionalization of Oligonucleotides Via Phosphoramidite 
Derivatives,6 Tetrahedron 1993, 49, 1925-63. 

n Uhlmann, E. and Peyman, A. OAntisense Oligonucleotides: A New Therapeutic Principled Chem 
Rev. 1990, 90, 543-84 

12 Varma, R. S. dSynhtesis of Oligonucleotide Analogues with Modified Backbones 6 Synlett 1993 
621-37. 
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The present invention also includes, but is not limited to, modifying the 
deoxyribonucleotide template at selective backbone positions (such as the 20-positions 
of the ribose) with ionized subtituents which alter the overall charge of the circular 
template and with sterically modifying substituents or binding moieties to alter the 
asymmetry and binding recognition capabilities of the circular template. Modification 
of the backbone is made to alter stability, solubility and substrate binding capabilities 
of the circular template. These include a range of alterations from simple changes in 
the phosphodiester moiety by replacing oxygen phosphate linkages to other heteroatom 
phosphate linkages (i.e., nitrogen and sulfur) to complete replacement of the 
phosphodiester with other suitable linkages. These modifications also include changes 
in the ribose/deoxyribose component of the template backbone to other carbohydrates 
or any moiety which will allow the display of a nucleobase heterocycle or any such 
hydrogen bonding or template-substrate binding component. Modifications to the 
backbone further include complete replacement of the ribo-/deoxyribophosphodeister 
backbone with alternative oligomers such as peptide and peptide mimics, 13 or other 
oligomers such as polyolefins (Figure 14) (including polyacrylates, polyacrylamides, 
polystyrenes), polyethers, polyamides or any such polymers which will allow the 
display of substrate binding moieties in a circular template for directing chemical 
reactions. 14 These types of modified oligomers include all those described in several 
scientific literature reviews (hereby incorporated by reference). 15 , 16 , 17 , 18 Modification 
of the nucleic acid heterocycle components is also included in order to expand the 
number of substrates which can be complexed with the circular template for directing 
covalent bond formation between bound substrates. 1011 ' 19 These will include the 
incorporation of known modified bases which have been designed specifically for 
applications in triplex DNA formation (hereby incorporated by reference). 20 , 21 
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Figure 14. Synthetic Nucleic Acid Analogs. 

The present templates and methods include the use of a variety of different 
monomer (Figure 14) and higher multimer components as substrates for ligation and 
multi-ligation up to polymerization and copolymerization for covalent bond forming 
reactions conducted in the presence of the circular templates for controlling the 
reactions. 



The present invention encompasses modifications to make the template more stable 
including any modification that will allow the molecule, compound, or the like to bind to 
two sides of a circular template to increase, improve, facilitate, or cause substrate 
binding. 
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